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STATIC AND DYNAMIC BEHAVIOR OF THE LIQUID-VAPOR 

INTERFACE DURING WEIGI-ITLESSNESS 

by E* W. Otto 

Lewis Research Center 

1. INTRODUCTION 

The increasing sophis t icat ion of space vehicles and t h e i r  missions 

has subjected an increasing va r i e ty  of  liquid-vapor systems containing a 

f r e e  interface t o  a new environment--that of zero gravity. On the Earth 

these systems r e l y  almost invariably on t h e  body force created by the 

Earth 's  gravi ta t ional  f i e l d  t o  separate and loca te  the  l iqu id  and vapor 

i n  a consistent predictable manner, Thus, l iqu ids  s e t t l e  t o  the  bottom 

of tanks, vapors separate from liquids and can be vented off i f  necessary 

a t  the  high points i n  systems, and free convection and buoyancy ef fec ts  

a s s i s t  i n  the  t ransfer  of heat. I n  a zero-gravity or weightless environ- 

ment, however, the  gravi ta t ional  or acceleration body forces are  absent, 

which introduces a number of questions concerning the behavior of the 

l iquid,  both s t a t i c  and dynamic, and the  e f fec t  on heat-transfer phenm- 

ena. This paper presents a survey of the  various problem areas i n  the  

liquid-vapor systems t o  be used aboard spacecraft  and a review of the 

l i t e r a t u r e  reporting the research applicable t o  or  directed toward the  

solut ions f o r  these problems. The resu l t s  of experimental s tudies  of t he  

behavior of the  in te r face  i n  response t o  changes i n  gravi ty  level,  t o  out- 

flow disturbances, and t o  acceleration disturbances with par t icu lar  em- 

phasis on the  scaling laws governing the  phenomena are  a l so  presented. 

. 
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2. PROBUM AREAS 

2.1 Propellant Tank Systems 

A schematic diagram of a typ ica l  space vehicle propellant tank sys- 

tem is shown i n  Fig, l (a ) ,  

liquid-vapor in te r face  t h a t  i s  subject t o  a number of disturbances, such 

as heat gain and acceleration perturbations, as shown, 

Main propellant tanks contain a large,  f r ee  

The primary function of a propellant tank system i s  t o  s to re  the  

l iqu id  i n  readiness for  use by the engine, Thus the behavior of the  

interface and the  propellant i n  response t o  the  various disturbances w i l l  

be important t o  the  engine r e s t a r t  operation. If these perturbations a re  

su f f i c i en t ly  severe, they may move l iquid completely away from the area 

of t he  pump i n l e t ,  thus making it necessary t o  co l lec t  t h e  l iqu id  by ac- 

celerat ion of t he  vehicle along the  thrus t  axis  before attempting t o  re-  

start the  engine. Even i f  the l iquid i s  over the  i n l e t  there  is  the pro- 

blem of a l imited quantity of l i qu idbe ing  available t o  t h e  pump due t o  

the  possible pull-through of the l iquid immediately above the  tank out le t  

and the consequent ingestion of excessive vapor. 

The heat gained by the tank may necessi ta te  venting during long 

storage conditions, 

e f f ec t  of the  zero-gravity environment on the  heat-transfer mechanism. 

The success of the  venting operation w i l l  depend on the  behavior of the  

l iqu id  i n  respoilse t o  the  disturbances, It niiy be necessary t o  co l lec t  

the l iqu id  and vapor before each vent cycle i n  the  same manner as  fo r  the 

engine s t a r t i n g  operation. 

The required frequency of venting w i l l  depend on the 

The perturbations of the a t t i tude  control system, i f  su f f i c i en t ly  
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severe or if  i n  resonance with t h e  natural  frequency of t he  surface, may 

cause l i qu id  t o  move over the  top of t he  tank and down the  other side,  

Aside from causing t rouble  with venting procedures and possibly pumping 

operations, t h i s  l i qu id  c i rcu la t ion  const i tutes  a s h i f t i n g  center of 

g rav i ty  of the  vehicle and may cause severe s t a b i l i t y  problems i n  the 

a t t i t u d e  control  system. 

2.2 Space Power Systems 

A schematic diagram of a t y p i c a l  space power system i s  shown i n  

Fig. l ( b ) .  

tems, one i n  t h e  evaporator and one in  the condenser. 

these interfaces  i s  complicated by  t h e  addi t ion of heat  i n  t he  evaporator, 

t h e  removal of heat i n  the  condenser, and the probable impact of droplets  

a t  high ve loc i ty  on t h e  in te r face  i n  t he  condenser. 

Two free liquid-vapor interfaces normally occur i n  these sys- 

The behavior of 

The pr inc ipa l  f l u i d  dynamic problems i n  these systems are the  avoid- 

ance of l i qu id  carryover f r o m t h e  evaporator t o  the turbine and of vapor 

carryover from the  condenser t o  t h e  pump i n l e t .  In  a normal grav i ty  o r  

equivalent accelerat ion environment these problems are avoided by proper 

e levat ion and or ien ta t ion  of t h e  various components. I n  a weightless en- 

vironment where the  s t ab i l i z ing  e f fec ts  of huoyancy a re  absent, however, 

l i qu id  and vapor carryover may become d i f f i c u l t  t o  avoid. The s i tua t ion  

may be aggrevated by random acceleration from a t t i t u d e  thrustors ,  drag, 

crew movements, etc. Further complications will come from the loss of ob- 

vious pos i t iona l  s t a b i l i t y  between tubes of evaporators and condensers em-  

ploying multiple tubes and from possible changes i n  heat- t ransfer  mechanisms 

i n  t h e  tubes. 
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2.3 L i f e  Support Systems 

A schematic diagram of a t yp ica l  configuration of a l i f e  support sys- 

t e m  employing a subc r i t i ca l  or l iqu i f ied  storage system f o r  the  oxygen i s  

shown i n  Fig, l ( c ) .  

these systems, one i n  the  oxygen supply tank and one i n  the water receiver 

tank, 

Two large, f r e e  liquid-vapor interfaces  occur fn  

A t h i r d  liquid-vapor interface i s  found i n  the water separator, 

The problems in  t h e  tank systems are s i m f l a r  t o  those encountered i n  

the  main propellant tank except t h a t  here the  pr incipal  problem is  t o  pro- 

duce or vent vapor from the tank without l ~ s s  of Ifquid. 

the oxygen supply tank t h i s  vapor i s  generated by the additlon of heat, 

and any chmges i n  heat-transfer mechanisms w i l l  become important as  i n  

the propellant tank system and i n  the evaporator of the  space power system. 

In  addition, because the  heat mxst be added t o  the  l iqu id  i n  order t o  

generate vapor, t he  configuration, location, and dynamic behavior of the 

l iqu id  will be important i n  designing the  heating system. The accelera- 

t i o n  perturbations imposed by a t t i t ude  thrus te rs ,  drag, crew movements, 

etc,  w i l l  cause movements of t h e  l iquid i n  each tank similar t o  t h a t  i n  

t h e  main propellant tank. 

In  the  case of 

The separation of water or water vapor from a moving gas stream i s  

usually accomplished by impingement, of t he  a f r  stream against  a cooled 

.- f i i r r fn .r!e i  _- - -~ - w h f c h  condenses t h e  water 'vapor. 

t o  t he  receiver, In  a weightless environment the  draining action i s  l o s t  

and other means must be fo-mci t o  remove the  water from the  condensing sur- 

face. 

The water then drains by gravity 
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2,4 Fuel Cell Systems 

Figure l ( d )  shows a typ ica l  fue l  c e l l  system using oxygen and hydro- 

gen, both stored i n  a l iqu id  s ta te .  

tem are the same as those of l i f e  support systems, 

The problems encountered i n  t h i s  sys- 

-% 2.5 Miscellaneous Systems 

The pr incipal  f luid dynamic problems i n  weightlessness have been il- 

lus t ra ted  i n  the previous discussions of t h e  various systems. These prob- 

lems occur t o  a greater or l esser  extent i n  a i l  space vehicle systems con- 

t a in ing  l iqufd and vapor, There a re  cer ta in  zero-gravity problems, how- 

ever, t h a t  are not f u l l y  covered by the previous examples and t h a t  have 

been receiving and w i l l  cont ime t o  receive a great deal of a t tent ion-  

namely the biomedical problems, 

t h a t  involve a liquld-vapor interface are scibject t o  t h e  same f l u i d  be- 

Those aspects of the biomedical problem 

havior description a s  for  mechanical systems, although they are probably 

not subject  t o  the  same solutions. Many of the biomedical problems appear, 

however, t o  be re la ted  t o  the e f fec t  on individual c e l l  behavior of t he  

lo s s  of molecular body f a x e s ,  which is  beyond the scope of t h i s  paper. 

2,6 Summ.ary of Problems 

Despite the  great  va r i e ty  of systems, t h e  f lu id  behavior problems 

can be resolved i n t o  a few basic  categories as  follows: 

1. Interface Configuration 

a. Shape and location of the interf’ace 

b, Separation of l iqu id  a-iid vapor 

2. Interface Dynamics 

3. Pool Boiling Heat-Transfer Mechanisms 

4. Evaporation and Condensation Phenomena 
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It w i l l  be found convenient t o  discuss the f l u i d  behavior phenomena i n  

terms of these broad categories. In the  following section a review of 

the  ana ly t ica l  and experimental research studying these phenomena w i l l  be  

made, This is not intended t o  be an exhaustive review but  a broad t r e a t -  

ment t o  aquaint t h e  reader with t h e  general s t a t e  of the  arta Many of the  

references c i ted  contain extensive bibliographies with which the subject 

m a y  be pursued i n  more de t a i l ,  



- 7 -  

1 

3. RESEARCH EFFORTS 

3.1 Discussion of Analytical Concepts 

I n  studying the change i n  f luid behavior or bas ic  mechanisms be- 

tween l-g and 0-g, one is led  t o  examine t h e  change i n  forces or force 

leve ls  i n  going from one gravity f i e l d  t o  the  other. I n  general, the  

forces acting on a l iqu id  a re  the  i n e r t i a l  forces and the intermolecular 

forces, which a re  exhibited i n  the  form of the surface-tension forces. 

Under 1-g or earthbound conditions a l iqu id  i n  a container i s  restrained 

from accelerating f r e e l y  i n  the  gravity f ie ld .  Under these conditions 

the  i n e r t i a l  forces predominate, and only small e f fec t s  of t h e  surface- 

tension forces a re  noticeable, 

forces are the  shaping of l iqu ids  i n  tanks, the  weight of the  l iquid,  the 

hydrostatic pressure of l iqu id  columns, the rise of vapor bubbles i n  l iqu ids  

due t o  buoyancy, and the convection currents i n  l iqu ids  as a r e su l t  of 

heat inputs. Although the surface-tension forces are small i n  comparison 

with i n e r t i a  forces a t  1-g, t h e i r  effects  a re  s t i l l  observable in  t he  

meniscus of l iquids  i n  contact with so l id  bodies and i n  the  capi l lary r i s e  

or depression i n  small diameter tubes, 

Typically, the  e f f ec t s  of dominant i n e r t i a l  

When a l iqu id  or a system containing l iqu id  and vapor i s  allowed t o  

accelerate  f r e e l y  i n  the  loca l  gravity field, t h e  i n e r t i a  forces disappear 

and the  surface-tension forces remain, These forces are  domfnant i n  deter-  

mining the equilibrium configuration and tine l iqu id  coilf igai-atiori 5-paialcs, 

and they play a la rger  ro le  i n  the  heat-transfer mechanics. 

cerning the  behavior of f l u ids  i n  a weightless environment has there- 

fo re  involved study of surface-tension o r  surface-energy phenomena and of 

Research con- 
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t h e i r  e f fec t  on f l u i d  behavior, 

3.1.1 Early History of Surface-Energy Studies 

The h is tory  of t h e  study of surface-tension phenomena can be t raced 

as far back as  Leonard0 da Vinci and S i r  Isaac Newton, 

however, who first established the  theory by demonstrating how the  pr inci-  

ples  of surface tension and contact angle can be used t o  explain a great 

many capi l la ry  phenomena. 

foundation by Laplace and l a t e r  Poisson. 

by Gauss, who applied the pr inciple  of conservation of energy t o  t h e  sys- 

tem and obtained not only the equation of the free surface but a l so  t h e  

conditions of t he  contact ang;Le, 

Dupre, Rayleigh, Gibbs, and Plateau, who u t i l i zed  soap bubbles and other de 

vices  t o  determine t h e  equilibrium configuration of l iquids.  

vest igat ions were carried out by Langmufr and Harkins i n  the Unfted S ta tes  

and by Adam and Burdon i n  England 

It w a s  Young, 

The theory w a s  put on a f i r m  mathematical 

Further developments were made 

Other e a r l i e r  investigators include 

Later fn- 

3,1,2 Liqufd Contact Angle 

Consider a l iqu id  i n  contact with a so l id  surface a s  shown i n  Fig, 2, 

The free surface energies a t  t he  sol id  liquid-vapor interfaces  may be 

represented by the  surface-tension forces act ing i n  the direct ion of the 

surfaces. 

i n  t h e  l iquid,  i s  the  contact angle. 

The angle a t  which the  l iquid meets the  so l id  surface, measured 

For the  l iqu id  t o  be i n  equilibrium w i t h  tile so l id  s-iface,  the 

surface-tension forces a t  the so l id  lfqxid-vapor interfaces  must be i n  

balance p a r a l l e l  t o  the  so l id  surface, Therefore, 
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and 

%s - 5'2s e = COS-1 - 
Ov 2 

where avs, ais, and avz are  the surface tensions, o r  surface energies, 

of t he  vapor-solid, l iquid-solid,  and vapor-liquid interfaces,  respec- 

t ive ly ,  and 8 is  the  contact angle. (Equation (1) is  known as  the  

Young-Dupre equation.) 

the magnitudes of the  three surface-tension forces. 

i s  between 0 and 1, the  contact angle l i e s  between 0' and 90°, and the  

common convention i s  t o  c a l l  t he  l iquid a wetting l iquid,  

(uvS - aZs)/av2 l i e s  between 0 and -1, the contact angle w i l l  l i e  be- 

tween 90° and 180°, and the l iqu id  is s a i d  t o  be nonwetting liquid. 

contact angle should remain constant i n  any gravity f ie ld ,  including a 

weightless environment, because the  intermolecular forces t h a t  are ex- 

hibi ted f n  t h e  surface-tension forces are independent of t he  l e v e l  of the 

gravi ty  f ie ld .  

It i s  observed t h a t  t he  contact angle depends on 

When (cvS - c ~ ~ ~ ) / a ~ ~  

If, however, 

The 

3,1,3 Pressure Difference Across the 

Liquid-Vapor Interface 

Although t h e  property commonly referred t o  as szlrface tension is an 

energy, it behaves i n  everyway l ike  a tensicn and t r i e s  t o  make the sur- 

face a s  s m a l l  a s  passi'ole, Thus a drop of l q u i d  tends -to 'become @ierT- 

cal ,  and the  tendency d the surface t o  contract  increases the pressure in- 

s ide  the  drop. 

t h i s  pressure difference between the inside and outside of the drop i s  the 

Became t h e  pressure everywhere inside the  drop i s  the  same, 
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pressure drop across t--e interface and ,s given by the following expres- 

sion: 

( 3 )  
20 m = -  R 

where 

ture of the interface for a spherical interface, 

everywhere in the literature and is simply derived by equating the surface- 

tension force acting along a meridian circumference to a pressure dif- 

ference times the circular area enclosed by this meridfan circumference. 

If the interface is not spherical, the pressure drop is given by the more 

general equation 

R is the radius of the drop or more generally the radius of curva- 

This expression is found 

3,l. 4 Dimensionless Parameters 

Dimensionless parameters have been employed in the field of fluid 

mechanics to describe behavior simflarities between systems of different 

size and to define different behavior regions, 

number and Rayleigh number define the conditions required to obtain simi- 

lar flow and convection current characterfstfcs, respectively, in dif- 

ferent sized systems, and they also define regimes of different behavior, 

Other dimensionless parameters that have been found useful in the field 

of fluid mechanics are Grashof rimber, P rand t l  number, Froude number, 

Nusselt number, Mach number, etc, mese parameters are useful t o  t'ne 

theorist in providing an insight into the basic behav-for mechanism and 

useful to the engineer when studying the behavfor of full-sized systems 

through the use of models, 

For instance, Reynolds 

- 
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Two dimensionless parameters that are useful. in the field of cap- 

illarity are Bond number, the ratio of gravitational or acceleration 

forces to capillary or surface-tension forces, and Weber number, the 

ratio of pressure or  inertia forces to surface-tension forces. These 

parameters are defined in terms of the physical constants of the system 

as follows: 

Fi (Pressure drop)(Area) 1/2 pVLLL - 2 v2L W e = - =  - 
U L  - aL a FC 

where p is the liquid density, L is a dimension characteristic of the 

system, a is the acceleration imposed on the system (equals 1-g when at 

rest on Earth), and V is the local flow velocity. 

Bond number (Eq, (5)) defines the acceleration or gravity regimes in 

For instance, which either acceleration or capillary forces dominate, 

when the Bond number is larger (greater than one) acceleration forces 

dominate, whereas when the Bond number is small (less than one) the 

surface-tension forces will be dominant in determining the fluid mechanisms. 

Bond number should also be useful in predicting the critical acceleratfon 

of the liquid gas interface, 

Weber number (Eq. (6)) defines the behavior of the interface in the 

FresEiicS of f l ~ v  f~rces, Yhen the Weber n i i m b e r  is large t2he flow forces 

predominate and the capillary forces are insignificant, whereas when the 

Weber number is small the capillary forces will shape the interface. By 

rearranging the expression for Weber number an indication of the transi- 

tion time for zero-gravity phenomena, such as interface formation or wave 
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period, may be obtained: 

The value of Weber number will be empirical depending on the  spec i f i c  

configuration. 

Reynolds [l] has portrayed the  various hydrodynamfc regimes as a 

function of Bond and Weber numbers as shorn i n  Fig, 3, whfch i s  taken 

from h i s  work. A new dimensionless parameter i s  introduced i n  t h i s  

diagram--namely, t h e  Froude number, which i s  t h e  square root  of t he  r a t i o  

of Weber number t o  Bond number. 

i n e r t i a  dominated regime and t h e  acceleration dominated regime, 

diagram provides a useful means of vfsualfzfng t h e  several hydrodynamic 

regimes as defined by the several  dimensionless parameters. 

It defines t he  boundary between the  

This 

3.1,5 Effect on Fac i l i t y  Requirements 

Several types of zero-gravity f a c i l i t i e s  have been proposed such as 

drop towers, airplanes,  b a l l i s t i c  rockets, o rb i t ing  vehicles, and drops 

from balloons, helicopters,  and canyon bridges, Each of these fnvolves 

the  technique of free fa l l ,  o r  equilibrium with t h e  l o c a l  gravity f i e l d ,  

t o  obtain a zero-gravity environment. 

a drag shield around a freely-floating experiment, the airplane fllown 01: 

a b a l l i s t i c  t ra jectory,  and the  b a l l i s t i c  rocket have been the  most used, 

The study of t h e  various aspects of f lu id  mechanics i n  zero gravi ty  

O f  these, the drop tower employing 

requires  zero-gravity f a c i l i t i e s  with d i f fe ren t  character is t ics .  For 
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instance, t h e  bubble behavior produced by  heat  t r ans fe r  is a high speed 

phenomenon, and only a short-time f a c i l i t y  such as a drop tower is  re- 

quired. 

system a r e  being studied, as i n  a closed propellant tank, a f a c i l i t y  of- 

f e r ing  several  minutes of zero-gravity time i s  required, such as a bal-  

l i s t i c  rocket. The study of forced convection mechanics, or t he  behavior 

of evaporators or condensers, requires r e l a t i v e l y  shor t  times such as a re  

avai lable  in  drop f a c i l i t i e s  or airplanes. I n  these s tudies ,  t he  in t e r -  

face i s  generally s o  small t h a t  small perturbations of t h e  order of a 

f e w  mi l l i -g ' s  are not important as indicated by the  Bond number cr i ter ion.  

I n  studying the  behavior of la rge  l iqu id  vapor in te r faces  as i n  models of 

propellant tanks, however, t h e  acceleration l e v e l  provided by t h e  f a c i l i t y  

becomes important as does t h e  i n i t i a l  disturbance, If the  zero-gravity 

t i m e  i s  long enough f o r  t h e  i n i t i a l  disturbance t o  damp out or be negated 

by  a col lect ion and re lease  maneuver, however, it becomes less of a con- 

s iderat ion.  

On the  other hand, if  the  heat-transfer charac te r i s t ics  i n  a 

The expressions f o r  Bond and Weber numbers (Eqs. (5)  and ( 6 )  ) can 

b e  used t o  provide an estimate of the zero-gravity time and maximum 

gravi ty  l e v e l  allowable i n  a f a c i l i t y  t o  perform in te r face  studies. 

p l o t  of t h e  predicted in te r face  formation t i m e  and allowable accelerat ion 

or g l e v e l  as a function of m o d e l  size i s  shown i n  Fig. 4. The allowable 

accelerat ion l e v e i  r e s u l t s  from t he  expression f o r  Eon5 rr~mber mQng m 

experimentally determined Bond number near one with L corresponding t o  

the radius. The in te r face  formation time i s  obtained from t h e  expression 

f o r  t i m e  developed from t h e  Weber number r e l a t ion  using a Weber number of 

A 
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one and an experimentally determined character is t ic  length (L).  

s ign i f icant  aspect of Fig. 4 is the l o w  acceleration o r  g l e v e l  required 

for  interface experiments i n  t h e  2- t o  20-inch range ( t h e  most desirable 

model range). 

s h a l l  be low. 

has prevented the  successful use of airplane f a c i l i t i e s  for  interface ex- 

periments even though t h e i r  15-second time has been very a t t rac t ive .  

The most 

This requirement a l so  implies t h a t  the  i n i t i a l  disturbance 

It is t h i s  acceleration and disturbance requirement t h a t  
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3.2 Interface Configuration 

3 . 2 . 1  Shape and Location of t he  Interface 

The configuration of t he  liquid-vapor interface under weightless 

conditions has been studied analyt ical ly  by several  investigators.  

Benedikt [ Z ]  and Reynolds [1]* have calculated exact solutions f o r  t h e  

configuration of t he  interface between p a r a l l e l  p l a t e s  as a function of 

t he  gravi ty  l eve l  or Bond number and, from these calculations and t h e  

pr inciples  involved, have inferred the configuration of t h e  interface i n  

other geometries. 

t h e  f r e e  surface energies t o  predict t h e  interface configuration i n  many 

geometries. A l l  these analyses indicate that the  interface configura- 

t i o n  i s  primarily dependent on t h e  contact angle and t h a t  during weight- 

lessness the  l i qu id  vapor interface tends t o  assume a constant curvature 

surface t h a t  i n t e r sec t s  t he  tank w a l l  a t  t he  contact angle. 

L i  [3] has used the pr inciple  of t h e  minimization of 

The r e s u l t s  of t h e  calculations f o r  the configuration of t h e  i n t e r -  

face between two p a r a l l e l  plates  as obtained by Reynolds are presented 

i n  Fig. 5. The calculations present t h e  interface configurations f o r  a 

r e l a t i v e l y  wetting l iqu id  (contact angle, 10') and a r e l a t i v e l y  non- 

wetting l i qu id  (contact angle, 140') each a t  a s e r i e s  of Bond numbers 

from zero ( t r u e  weightlessness) t o  i n f i n i t y  ( e s s e n t i a l l y  representative 

of 1 g ) .  

s t a n t  curvatme intersect ing t h e  wall I+ the celltact. angle. The contact 

angle determines whether t h e  surface i s  concave or convex. The increased 

A t  a Bond number of zero the  interface i s  a surface of con- 

* 
Reynolds indicated t h a t  he also found t h e  calculations i n  the  works 

of Rayleigh . 
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d i s to r t ion  of t h e  surface from its constant curvature configuration as 

Bond number increases i s  apparent. 

The r e s u l t s  of t h e  calculat ions f o r  t he  two-dimensional case may be 

used t o  infer t h e  configuration i n  three-dimensional geometries. Fig- 

ure 6 shows t h e  predicted configuration f o r  cylinders and f o r  spheres as 

a function of t h e  contact angle and fo r  t he  volume f r ac t ion  of l iqu id  i n  

spheres. 

Five general configurations are shorn for spheres ranging from an im-  

bedded vapor bubble f o r  a l l  f i l l i n g s  at zero-degree contact angle to an 

imbedded l iqu id  m a s s  f o r  a l l  f i l l i n g s  a t  the  hypothetical  contact angle 

of 180'. The curved l i n e  indicates  t h e  combination of contact angles 

and f i l l i n g s  a t  which the  in te r face  i s  flat as depicted by the center 

diagram. The diagrams on e i t h e r  side of center are generally represen- 

t a t i v e  of t he  configurations obtained f o r  t h e  combination of contact 

angles and f i l l i n g s  i n  the surrounding area. The configwations pre- 

d ic ted  f o r  cylinders do not show the  end e f f ec t s  that would be encoun- 

t e r ed  i n  tanks with normal ends. 

configurations may be i r f e r r e d  from t h e  configuration f o r  spheres. 

These predicted configurations are fo r  a Bond number of zero. 

For tanks with hemispherical ends, t h e  

Experiniental ve r i f i ca t ion  of  the predicted in te r face  configurations 

has depended heavily on a su i tab le  zero-g-avity f a c i l i t y .  The author 

and h i s  colleagues conducted a series of experiments 14 and 51 i n  the 

1N.AS.A Lewis Research Center 2.5-seco11d ; ITo~-~o~,~JcLz. f%cil I t y  t ha t  ver i f ied  

t h e  predicted configurations. 

l i qu ids  with th ree  d i f fe ren t  contact angles i n  spheres, cylinders,  and 

cones a t  severa l  d i f f e ren t  f i l l i n g s .  

d i t i o n s  can be represented by Fig. 6; however, photograEhs of severai 

These experimenzs were conducted using 

The r e s u l t s  f o r  t he  range of con- 
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. 

in te r face  configurations a r e  shown in  Fig. 7. Clodfelter [ 6 ]  has re- 

cent ly  used t h e  1.85-second drop f a c i l i t y  at Wright F ie ld  t o  confirm 

some of these r e s u l t s  and has extended the  work t o  show some in t e re s t ing  

end e f f ec t s  i n  flat-bottomed cylinders. 

3.2.2 Separation of Liquid and Vapor 

Although t h e  analytical and experimental r e s u l t s  indicate  t h a t  t h e  

in te r face  configuration can be predicted f o r  simple containers given t h e  

contact angle and ullage volume, the locat ion of the  l i qu id  and vapor i s  

of ten undesirable from t h e  standpoint of reliable pumping and venting. 

This is  especial ly  t r u e  f o r  a wetting l i qu id  ( typ ica l  of most propellants 

cur ren t ly  being considered) i n  spherical  or nearly spherical  tanks, be- 

cause t h e  locat ion of t he  vapor bubble is  random. Under these  conditions 

r e l i a b l e  pumping and venting cannot be assured, and a subs tan t ia l  portion 

of t h e  zero-gravity research e f f o r t  is concentrated on methods of obtain- 

ing reliable separation of t h e  l iqu id  and vapor. 

3.2.2.1 Acceleration Fields  

The method t h a t  is i n  use a t  the present time is  t h e  creat ion of an 

accelerat ion f i e l d  by the  use of  ullage rockets. 

appears t o  work w e l l ,  it becomes heavy if more than a few engine starts 

or venting cycles are required. 

proposed as a means of separating l iquid and vapor but has not received 

much s e r i o m  consideration. The use of an accelerat ion f i e l d  t o  separate 

l i q u i d  and vapor, however, appears p rac t i ca l  i n  t h e  case of l i q u i d  sepa- 

r a t o r s ,  i n  evaporator tubes, and possibly i n  condenser tubes. In  the  

case of l i qu id  separators,  energy from t h e  gas and l i qu id  stream would 

be used t o  c rea te  a centrifuge action t o  separate t h e  l iquid.  

Although t h i s  method 

Spinning t h e  propellant tank has been 

I n  t h e  
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evaporator and t h e  condenser tubes,  a s p i r a l  tape inser ted i n  the  tube 

has been proposed. Evans [7] studied such a geometry by using bubbles 

i n  water and found the  separation good. 

3.2.2.2 Capillary Baffles 

The analyses for defining t h e  configuration of t h e  in te r face  indi-  

cated a reduction of system energy as t h e  interface changed from i t s  

normal gravi ty  configuration t o  t h e  zero-gravity configuration. 

therefore  appeared promising t o  study t h e  a b i l i t y  of tank geometries 

providing appreciable changes i n  surface energy t o  pos i t ion  t h e  l i qu id  

and vapor i n  acceptable configurations. A s inple  configuration t h a t  

probably has occurred t o  most invest igators  i n  %he f i e l d  and has been 

suggested and analyzed by Reynolds rl] i s  a tube mounted over t h e  pump 

i n l e t  concentric with t h e  v e r t i c a l  center l ine with holes around t h e  

bottom t o  allow f l u i d  t r ans fe r  between the tank and the  tube as shown i n  

Fig. 8 (a ) .  

drop can be made, which shows that a wetting l i qu id  should r i s e  i n  the  

It 

An analysis  using e i the r  suzface energy or cap i l l a ry  pressure 

tube when t h e  tube diameter i s  less than one-half of t he  tank diameter 

and f a l l  if it i s  greater than one-half of t h e  tank diameter. This be- 

havior is  a pos i t ive  demonstration of  the tendency of t h e  surface energy 

t o  minimize [a] .  Eecause of t h i s  minimization of t h e  surface energy, t h e  

l i q u i d  then takes the  configuration ir_ weightlessness shown i n  Fig. 8 (b ) .  

Tne l i q u i d  i s  niainttiii?ed o-v~er the =ea of the p m p  inleti while the  

vapor i s  maintained i n  the  area of t.he vent. 

The author and h i s  colleagues have studied the performance of t h i s  

geometry i n  a s e r i e s  of experiments i n  the  b o p  tower [ S  and 91 and i n  

t h e  MA-7 spacecraft  [lo]. A desirable charac te r i s t ic  of t h i s  geometry 
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i n  spheres and t o  some extent i n  cylinders i s  i t s  a b i l i t y t o  recapture 

t h e  l i qu id  following an excessive acceleration disturbance. 

which i s  shown i n  Fig. 9, shows t h e  r e s u l t s  of drop-tower tests i n  which 

t h e  standpipe b a f f l e  was  at  various i n i t i a l  angles t o  t h e  gravity vector.  

For t h e  90° t es t  t h e  time avai lable  was insuf f ic ien t  t o  allow complete 

f i l l i n g  of t h e  baf f le .  The tendency of t h e  ba f f l e  t o  f i l l  with l i qu id  

was a l s o  noted a t  180°, but again t h e  t i m e  was insuf f ic ien t  t o  allow com- 

p l e t e  f i l l i n g  of t h e  baf f le ,  The most ser ious shortcoming of t h i s  b a f f l e  

configuration i s  i t s  i n a b i l i t y t o  provide r e l i a b l e  posit ioning of t h e  

vapor bubble over t he  vent i f  t h e  standpipe is  more than 50 percent of 

t h e  height of t h e  sphere. 

t h e  r e su l t i ng  ullage bubble w i l l  f l o a t  f r e e  [SI, 

-This e f f ec t ,  

If the  tank is  f i l l e d  t o  more than 83 percent 

I n  an e f f o r t  t o  overcome the  shortcomings of t he  standpipe design, 

t h e  geometry shown i n  Fig. 10 was proposed [ 9 ] ,  This design u t i l i z e s  a 

sphere within t h e  spherical  tank somewhat o f f se t  i n  t h e  d i rec t ion  of t h e  

pump i n l e t .  The ac t ion  is  such tha t  t h e  vapor bubble tends t o  r e tu rn  t o  

t h e  loca t ion  (over t h e  vent) where it can become most near ly  spherical  

(which represents  t h e  condition of minimum energy) after an excessive ac- 

celerat ion.  For a geometry i n  which the  inner sphere i s  50 percent of t he  

tank diameter and t h e  offset  i s  10 percent of the  tank diameter, t h e  tank 

can be f i l l e d  t o  95 percent without t h e  ul lage bub3l.e floa-ting feee.  The 

t aper ing  sect ions provide a stzble iri terface p s i t i c 2  s.?-G~E~ the tank as 

it empties, and t h e  geometry provides an excellent res i s tance  t o  vapor 

pu l l - tbough  during pumping i n  addition t o  t h e  capabi l i ty  of complete 

volume pump-out. 

lower half  of t he  tank, an even stronger pumping geomet-ry i s  c.peaLed, 

By mounting t h e  inner sphere on webs between it and t h e  
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z 

3.2.2.3 Screens 

The use of screens has been proposed as a means of trapping a suffi- 

c ien t  quant i ty  of propellant over the pump i n l e t  t o  start t h e  engine. 

staff of t h e  B e l l  Aerosystems Company [ll] has made an extensive study of 

t h e  a b i l i t y  of screens t o  r e t a i n  propellants over t h e  pump in l e t .  I n  a l l  

cases, small mesh screens were  enployed t h a t  were capable of re ta in ing  

l iqu ids  i n  model tanks i n  a normal-gravity f i e ld .  

t h a t  was studied intensively i s  shown i n  Flg. li (taken from 

t h e  accelerat ion i s  directed normal t o  t he  screen a s  i n  Pig. l l ( a ) ,  t h e  

screen l ies  i n  an equipotent ia l  surface of t h e  accelerat ion f i e ld ,  and 

t h e  volume trapped behind t h e  screen i s  equivalent t.0 a closed tube w i t h  

a screen across  t h e  open end. The small mesh screens s t a b i l i z e  the  sur- 

face  while t h e  ac tua l  holding force is provided by the  ul lage gas pres- 

sure as shown i n  the enlarged section, 

a mesh of approximately 0 .1  inch should be capable of re ta in ing  l i qu id  

against  an accelerat ion equivalent t o  normal gravity.  

screens t o  r e t a i n  propellant against t ransverse vehicle accelerat ions as 

shown i n  Fig. l l ( b )  is  much l e s s  than f o r  nomal  acuelerations.  This 

configuration is more analogous t o  an oren tube with a s t ab i l i z ing  screen 

across  one end. In  t h i s  case, there i s  a head difference subject 50 t he  

acce lera t ion  t h a t ,  ih tu rn ,  sets up a pressure difference that  then must 

be retained by t h e  pressure difference aeveioped ~CI-OSB the  Lnzcrface i ,n ,  

t h e  screen openings as shown i n  the  eziarged section. 

t o  resist t ransverse accelerat ions must be much f i n e r  than fo r  normal ac- 

ce le ra t ions  because of t h i s  d i f f e ren t i a l  head, 

'The 

A screen configuration 

When 

In  t h i s  configuration a screen with 

The a b i l i t y  of 

The mesh of screens 
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Two configurations using screens that appear promising are shown i n  

Fig. 1 2  (taken from t h e  B e l l  study [ll]). 

sign appears more promising because of i t s  a b i l i t y  t o  achieve complete 

bubble-free expulsion f o r  any f i l l i n g  of t h e  tank. It i s  in t e re s t ing  t o  

note t h a t  i n  t h i s  configuration the  a b i l i t y  t o  r e t a i n  propellant against  

adverse vehicle accelerations is equal f o r  t he  transverse and axial d i -  

rect ions.  

O f  these t h e  s p i r a l  hose de- 

Screens do not provide posit ioning of t he  vapor bubble over t h e  vent 

except f o r  very complicated geometries involving multiple screens, which 

appear t o  have shortcomings i n  obtaining complete expulsion. Their main 

advantage appears t o  be t h e  a b i l i t y  t o  resist a higher accelerat ion d i s -  

turbance than baffle systems f o r  a given weight. 

3.2.2.4 Dielectrophores is 

The pr inc ip le  of dielectrophoresis has been proposed as a means of 

or ien t ing  or posit ioning t h e  l iqu id  and vapor i n  t h e  propellant tank. 

When a d i e l e c t r i c  l i qu id  and vapor are placed i n  a nonuniform e l e c t r i c  

f i e l d  t h e  l i qu id  w i l l  tend t o  move in to  t h e  region of highest f i e l d  

s t rength.  

found i n  t e x t s  on c l a s s i c a l  electromagnetics. 

t h e  appl ica t ion  of t h e  pr inc ip le  t o  t h e  posit ioning of l i qu id  i n  a pro- 

pe l lan t  tank both ana ly t ica l ly  and experimentally and has demonstrated 

co l lec t ion  in to  predicted configurations. 

Aerosystems Company [ll] has a l s o  made a study of systems employing d i -  

e lectrophoresis  t o  posi t ion l iqu id  i n  the  tank. Their experiments in-  

cluded t h e  measurement of t h e  pressure induced by t h e  e l e c t r i c  f i e l d ,  

which they found t o  be var iable  and not completely predictable.  

This pr inc ip le  has been w e l l  known f o r  some time and can be 

Blackmon [l2] has s tudied 

The staff of the B e l l  

Thus, 
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while they agreed t h a t  l iqu id  could be collec%ed i n  an electrode system 

i n  zero gravi ty ,  they could not predict t.he a b i l i t y  of t h e  system t o  r e -  

t a i n  t h e  l i qu id  against  a random acceleration. It appeared t h a t  t h e  in- 

duced pressure inconsistencies my have been due t o  p r a c t i c a l  geometry 

problems causing unwanted f i e l d  concentrations and t o  time and tempera- 

ture var ia t ion  of t h e  e l e c t r i c a l  properties of l iqu ids .  The conclusions 

from both invest igat ions were that dielectrophoresis m y  be a useful  ef- 

f e c t ,  but t h a t  more knowledge concerning t h e  e l e c t r i c a l  propert ies  of t he  

l i qu ids  and more development i s  necessary. 

3.2.2.5 Temperature Gradient 

A physical e f f ec t  t h a t  may be useful i n  t h e  separation of l i qu id  and 

vapor during weightlessness makes use of t h e  dependence of surface ten- 

s ion  on temperature. The surface tension decreases with temperature un- 

til  it reaches zero a t  t h e  c r i t i c a l  temperature where t h e  f l u i d  phases 

and, therefore ,  t h e  in te r face  are not separately definable. If a vapor 

bubble i s  located i n  a l iqu id  i n  which the re  i s  a temperature gradient,  

t h e  temperature of t h e  l i qu id  vapor in te r face  w i l l  be higher at one pole 

of t h e  bubble than at  the  other. Undeu. t h i s  s i t ua t ion  t h e  l i qu id  i n  the  

warmer in te r face  where t h e  surface tension i s  lower w i l l  f l o w  t o  the  se- 

gion of colder temperature and higher surface tension, This e f f ec t  con- 

s t i t u t e s  a movement of the vapor bubble from cold to  w a r m  regions. 

'The phenomenon has been stu&iitd in eqer-hezts 5y YCLZI~:, Celdsteir, 

and Block [13] i n  which bubbles W e r e  -estrained from r i s i n g  i n  a nolpmal- 

g rav i ty  f i e l d  by a su f f i c i en t ly  high temperature gradient. Their r e s u l t s  

ind ica te  t h a t  although the  e f f ec t  i s  not normally noticeable a t  nom,al 

g rav i ty  because of strong buoyancy e f f ec t s ,  it may be useful  i n  or  near" 
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zero-gravity conditions. 

face,  it may be an unwanted e f f ec t  i n  heat- t ransfer  systems. 

Because the bubbles tend t o  s t ay  at  a warm sur- 

3.3 Interface Dynamics 

The previous discussion has been concerned mainly with the  configu- 

r a t i o n  of t he  in te r face ,  t h e  location of t he  l i qu id  and vapor, and t h e  

means of influencing t h e  configuration or locat ion under t h e  condition of 

no external  dis twbances t o  the system. When disturbances such as a t t i -  

tude control  accelerat ions or oxtflow disturbances are imposed, however, 

the  establfshed in te r face  or  f l u i d  configuration w i l l  be d i s to r t ed  o r  

disturbed. If the  disturbance is  su f f i c i en t ly  large,  t he  establ ished in-  

t e r f aze  may break, and t h e  l iqu id ,  theyefore, w i l l  move t o  a new posit ion.  

The dynamic behavior of t h e  interface i n  response t o  these disturbances 

i s  of importance because of i t s  a f fec t  on various propellant management 

problems, such as pumping and venting operations,  and on t h e  s t a b i l i t y  of 

t h e  a t t i t u d e  control  system. 

w i l l  be of s ignif icance i n  describing dynamic behavior because they in- 

corporate the- e f f ec t s  of acceleration, i n e r t i a ,  and surface energy. 

It i s  expected t h a t  Bond and Weber numbers 

3.3.1 Interface Formation Time Following a Change 

in Acceleration Level 

One phase of interface dynamic 

the time required f o r  t h e  interface 

after re lease  from a normal-gravity 

behavior t h a t  has been under study i s  

t o  form i t s  zero-gravity configuration 

o r  high-ac ze le ra t  ion f i e l d  .I Eened-ikt 

[14] derived an expression foy the  osc i l l a t ion  time of an i n i t i a l l y  de- 

formed f r e e l y  f a l l i n g  mass of l iquid.  

equivalent t o  t h e  expression f o r  Weber nmber,  and it indicates  %hat the 

Functionally h i s  expression is 

t r a n s i t i o n  t i m e  i s  a function of the r a t i o  of density to surface t.ension 
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t o  t h e  one-half power and of a charac te r i s t ic  dimension of t he  interface 

t o  the  three-halves power. It i s  s i n i l a r  t o  an expression f o r  the  osc i l -  

l a t i o n  frequency of a l i qu id  j e t  issuing from a noncircular hole derived 

by Rayleigh [15]. 

The author and h i s  colleagues have conducted drop-tower experiments 

i n  which the  t i m e  required fo r  t h e  interface t o  form i n  spheres and cyl in-  

ders  a f t e r  enter ing zero gravi ty  was  measured, which confirmed the  func- 

t i o n a l  re la t ionship  suggested by Benedikt. 

ments a r e  presented i n  Figs. 13 and 14, 

The resul-Ls of these expeyi- 

The formation time given i n  these 

experiments i s  t h a t  required f o r  a point on the  in te r face  and on the  ver- 

t i c a l  ax i s  of t he  container t o  move from the  1-g t o  the  0-g posi t ion as 

depicted by t h e  s m a l l  diagrams. 

The general expression f o r  formation time as a function of f l u i d  

propert ies  and dimensions of t h e  system derived from t h e  Weber number by 

subs t i tu t ing  a length divided by time is  rearranged as follows: 

, 

where D i s  t h e  diameter of t h e  container, C i s  an empil-ical constant, 

and t h e  other symbols a r e  as defined previously. Equation ( 9 )  indicates  

t h a t  formation time should vary with D3l2  

l i n e s  on Figs. 13(a) and 14(a)  are drawn at a three-halves-power slope. 

'The s o l i d  l i n e s  on Figs. 13(b) and 1 4 ( b )  are drawn at a one-half-power 

slope. I n  each case the  data  fit, the l i n e s  closely,  which indicates  a 

and with (P/o)~/'. The solid 

good cor re la t ion  with theory. 

t h e  term 

If  a Weber number of one i s  assumed, then 

CD may be considered t h e  charac te r i s t ic  dimension of t he  sys- 

t e m .  For spheres, t he  value of C was determined a t  0,,292 and fol- cy?- 
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inders at  0.277. Although t h e  s i z e  range i s  s m a l l  as l imited by the  drop- 

tower time, good correlat ion with theory insp i res  confidence i n  the  use 

of t he  Weber number expression t o  predict t he  time response i n  large ve- 

h i c l e  tanks. 

A s  par t  of t h i s  program studying t h e  in te r face  formation t i m e ,  exper- 

iments were conducted [8] i n  which the ve loc i ty  i n  cap i l l a ry  tubes was 

measured. Such information is useful for determining t h e  interface forma- 

t i o n  time i n  tanks employing capi l la ry  tube ba f f l e s  such as i n  Fig. 8. A 

pa r t  of t h e  r e s u l t s  of t h i s  study i s  presented i n  Fig. 15 (a )  where the  

var ia t ion  of height of the l iqu id  i n  t h e  capi l la ry  tube with t i m e  i n  zero 

gravi ty  is  given for several  tube diameters. The tank diameter f o r  these 

experihents was 7 centimeters. The so l id  l i n e s  are analog computer solu- 

t i o n s  of t h e  equation 

f o r  l i qu id  r ise as a function of time. A schematic drawing showing the  

system geometry from which Eq. (10) was derived i s  sho-wn i n  Fig. 15(b). 

This equation was derived from Newton's fundamental force-mass r e l a t i o n  

and accounts fur Tc~rces due to s-~-faze t e ~ s i c ~ ? ,  eztrer-ce 1 ~ 1 c . e ~ ~  81717 

f r i c t i o n  drag. 

evaluated from t h e  physical constants of t h e  system with t h e  exception 

of t h e  constant K applied t o  t h e  entrance loss  t e r m ,  which is  calcu- 

l a t e d  by approximate means. I n  t h e  solut ions shown ir, Fig. 15 (a )  t h i s  

This equation involves no empirical  constants and can be 



- 26 - 

. 

constant w a s  taken as 2.28, as calculated by Langhaar [16] f o r  t h e  en- 

t rance loss t o  viscosimeter tubes, 

The correlat ion of t h e  data  w i t h  t h e  analysis w a s  found t o  b e  satis- 

factory fo r  var ia t ions  i n  tube diameter and i n i t i a l  height of l i qu id  i n  

t h e  tube. The degree of correlat ion indicates  t h a t  Eqd (10) incorporates 

the  pr inc ipa l  physical  phenomena and is useful f o r  calculat ing the  ve- 

l o c i t i e s  and displacements i n  capi l lary systems i n  zero gravity, 

3.3.2 Interface Behavior During Outflow Disturbance 

A l a rge  portion of the  zero-gravfty research work has been given t o  

t h e  determination of means of assuring tha t  l i qu id  i s  located over the 

pump i n l e t  p r io r  t o  engine s ta r t ing .  Comparatively l i t t l e  work has been 

devoted, however, t o  a study of the e f fec t  of t h e  outflow disturbance on 

t h e  in te r face  nearest  t o  t he  outlet. 

of l i t e r a t u r e  report ing e i t h e r  analyt ical  or  experimental s tudies  of t h e  

phenomena. A recent paper by  Povitskii  and Lyubin [17] has analyzed t h e  

ve loc i ty  along the  free surface of the in te r face  as affected by outflow 

velocity.  The results of t h e i r  analysis indicates  t h a t  f o r  l fqu id  depths 

greater than the diameter of t h e  out le t  tube, the  f r ee  surface is not ap- 

preciably disturbed beyond a diameter corresponding t o  four times the  depth. 

Because the  outflow ve loc i ty  creates a ve loc i ty  gradient i n  the l i qu id  

There i s  an almost complete absence 

above t h e  ou t l e t  t h a t  appears t o  carry through t o  t h e  interface,  it is 

expected that. the  Weber ni-mber nay be the scal ing r e l a t t o n  usefi_il In 

r e l a t i n g  t h e  d i s to r t ion  of  t he  interface between various system sizes ,  

For more severe ve loc i ty  gradients and greater  d i s tor t ions ,  however, the  
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viscos i ty  may have an e f f ec t  so t h a t  t he  Reynolds number may a l s o  be re-  

quired t o  properly scale  the  phenomena. 

The author and h i s  colleagues have conducted outflow experiments 

under zero-gravity conditions i n  t h e  drop tower t o  study the  behavior of 

t he  in te r face  under t h i s  disturbance and t o  attempt t o  determine a scal ing 

parameter. A t  t h e  present t i m e  experiments have been conducted only with 

flat-bottomed cylinders and one ratio of ou t l e t  diameter t o  tank diameter 

i n  three  sizes. The r e s u l t s  of these s tud ies  a r e  shown i n  Fig. 16 where 

t h e  ve loc i ty  at  which t h e  in te r face  d i s t o r t s  from center t o  circumference 

is shown as a function of t h e  veloci ty  i n  t h e  o u t l e t  tube and t h e  tank 

diameter. 

The s m a l l  diagrams depict  t he  types of in te r face  d i s to r t ion  observed. 

The diagram with t h e  hemispherical interface,  s t r i c t l y  speaking, repre- 

sen ts  only the  zero d i f f e r e n t i a l  veloci ty  l i n e  where a l l  points  on t h e  

in te r face  move downward a t  the  r a t i o  of ou t l e t  tube area t o  tank area 

(1/100) times t h e  ou t l e t  velocity.  

r e sen t s  t he  s i t ua t ion  i n  which t h e  cent ra l  core of l i qu id  i s  pulled 

through t h e  l iquid,  which corresponds t o  high d i f f e r e n t i a l  in te r face  ve- 

l o c i t i e s  and i s  considered unsatisfactory.  The center diagram i s  the  

compromise representing some d is tor t ion  but generally sa t i s f ac to ry  f o r  

pumping. 

The severely d i s to r t ed  in te r face  rep- 

rrn- l r l e  in te rsec t ions  of the  l i n e s  t k o u g h  t h e  data with t h e  zero d i f -  

f e r e n t i a l  ve loc i ty  ax i s  were obtained by computing t h e  undistorted in t e r -  

f ace  ve loc i ty  a t  each tank diameter for a Weber number of one and plot-  

t i n g  t h e  point a t  t h e  ou t l e t  velocity t h a t  created it (1OO:l). 

using such a zero point appear t o  f i t  t h e  data well. A l i n e  f o r  a Weber 

Lines 



- 28 - 

.. 

. 

number of 15, computed using t h e  d i f f e r e n t i a l  interface veloci ty ,  was 

found t o  represent t he  demarcation between s l i g h t  d i s tor t ion  and severe 

d i s to r t ion .  Its posi t ion is shown i n  Pig. 16. A Reynolds number l i n e  of 

2000, again calculated using d i f f e r e n t i a l  interface veloci ty ,  i s  a l s o  

shown, but it did not delineate t h e  d is tor t ion  regions. 

If t h e  ou t l e t  veloci ty  corresponding t o  t h e  intersect ion of t h e  l i n e  

f o r  a Weber number of 15 with t h e  data f o r  a given liameter i s  consider3d 

a maximum allowable outlet. 1-elocity f o r  that diaw+er,  these intersect ions 

may be useful f o r  predicting naximun ol;tle: ve loc i t ies  for larger  tank d i -  

ameters. A plot  of maxhurr, o u t l e t  velocity as & function of tank diameter 

i s  shown i n  Fig. 17 .  The portion of the l i n e  fo- the  larger  tank diametei-a 

i s  drawn a t  a slope of one-half, which would  yepresent a Weber number 

scal ing parameter. 

shown, data  f o r  larger  tark diamer,ers a.-e needed t o  v e r i f y  t h i s  conten- 

t i on .  Gnfortunateiy, such data ar? impossible t o  obtain i n  present b o p  

f a c i l i t i e s  . 

Although t h e  data t end  J,owand a slope of one-half as 

3.3.3 Interface Sehavior 3uring Accelera+-fon Disturbance 

There are a nmber of acceleration distwc'barxes 'hat will occur i n  

connection with t h e  operafaion of EFace vehrc'lis such as those i-esulting 

from a t t i t u d e  control bysten: oFeratior, ,  crew &o-rerent,s, docking jolts, and 

atmospheric drag. The accelesat  ion p e r t  wSaC,ion may oe  i n t e m i  + ten t  as i n  

t h e  case of a t t i t u d e  controi opit:a',ioii o r  steady as i n  t he  case of drag o r  

of l i q u i d  col lect ion by th rus t  p,-eprstory t o  engine s+arting. These dis-  

turbances w i l l  occur a t  a l l  angles t o  t h e  vehicle thrust ax i s  and w i l l  

tend t o  move t h e  l iqu id  opposite t o  $he di-ection of the acceleration. 

The surface-tension forces give t h e  inter-face the a b i l i t y  t o  resist  or be 
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s tab le  t o  a ce r t a in  amount of acceleration, which i s  expected t o  be de- 

f ined by t h e  Bond number c r i t e r i o n  ( the  r a t i o  of accelerat ion t o  surface- 

tension fo rces ) .  The study of interface behavior i n  response t o  acceler-  

a t ion  disturbances may be divided f o r  convenience in to  two phases, one 

f o r  accelerat ion disturbances l e s s  than, and one f o r  disturbances greater 

than a c r i t i c a l  value at which t h e  s t a b i l i t y  l i m i t  of t h e  in te r face  i s  

exceeded. 

There is  a great  deal  of l i t e r a t u r e  s t a r t i n g  with Maxwell i n  1890 

and continuing with the  contributions t o  hydrodynamics by Lamb and t h e  

contributions t o  surface s t a b i l i t y  by Taylor t h a t  can be applied t o  the  def i -  

n i t i on  of t he  behavior i n  response t o  accelerat ions less than t h e  c r i t i -  

c a l  value. The great majority of  it deals  with t h e  s i t ua t ion  i n  which 

the accelerat ion is directed perpendicular t o  the  in te r face  from t h e  

less-dense t o  t h e  more-dense f l u i d .  

of hydrostat ic  s t a b i l i t y  has consisted i n  examining the  character of t h e  

so lu t ion  of t h e  equations of disturbances applied t o  t h e  interface.  

t h e  exponents of the  series solution a r e  pure imaginary, t he  disturbed 

in te r face  w i l l  o s c i l l a t e  i n  time, and t h e  undisturbed state of t h e  in t e r -  

face  i s  considered s table .  If t h e  exponents are r e a l ,  t h e  disturbance i s  

unbounded i n  time, and the  undisturbed sxate i s  considered unstable. The 

required boundary condition i s  a fixed contact. angle at t h e  w a l l .  In  t h e  

The c l a s s i c a l  approach t o  t h e  problem 

If 

case of diat.cjsbed eqGilibri.a, +L+ bllIu n leads a lgebra ica l ly  t o  t h e  mml c r i -  

t e r i o n  of minimum potent ia l  energy as a necessary condition for stabil i ty.  

Vmia t iona l  techniques have been used i n  minimizing the  sum of the  gravi-  

t a t i o n a l  and free-surface potent ia ls  subject t o  t h e  constraint  of constant 

l i q u i d  volume. The resu l tan t  Euler d i f f e r e n t i a l  equation is  solved con- 
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s i s t e n t  with t h e  required boundary conditions. The solut ions are neces- 

s a r i l y  approximate, l a rge ly  because of t he  nonl inear i ty  of t he  differen-  

t i a l  equations and t h e  d i f f i c u l t y  encountered with a rigorous mathematical 

formulation f o r  a OO contact-angle boundary condition. 

These analyses have been primarily in te res ted  i n  studying t h e  dynam- 

i c s  of t h e  in te r face  and have, i n  t h e  course of these s tudies ,  determined 

t h e  s t a b i l i t y  l i m i t  of t h e  interface--that is, t h e  value of t h e  accelera- 

t i o n  at  which t h e  in te r face  w i l l  break. A s  noted, t h i s  point i s  expected 

t o  be defined by Bond number, and the v d u e  obtained i s  cal led t h e  c r i t i -  

c a l  Bond number. 

c r i t i c a l  Bond numbers from 0.15 t o  t h e  value of 14-68 obtained by Maxwell. 

Recently, Masica 1181 measured the  c r i t i c a l  Bond number i n  cy l indr ica l  

tubes using t h e  normal grav i ta t iona l  f i e l d  as t h e  accelerat ion disturbance. 

Part of h i s  r e s u l t s  are shown i n  Figs, 18 t o  20 f o r  d i f fe ren t  or ien ta t ions  

of t he  accelerat ion f i e l d  and posit ion of t he  in te r face  relative t o  t h e  

edge of t h e  tube. The c r i t i c a l  diameter i s  shown as a function of t h e  

spec i f i c  surface tension a/@. The l e f t  ax i s  intercept  of t h e  so l id  l i n e  

approximating t h e  data  is proportional t o  the c r i t i c a l  Bond number and i s  

computed as follows using Fig. 18 as an example. 

s o l i d  l i n e  t h a t  is drawn a t  a slope of one-half is, a f t e r  converting the  

c r i t i c a l  diameter t o  centimeters, 

The vmious a.nalySeS i n  t h e  l i t e r a t u r e  quote values of 

The equation of t he  

. 
D = 0.184 [*-”‘ 

When arranged i n  t h e  form of the Bond number expression (Eq. ( 5 ) )  and 

subs t i t u t ing  t h e  radius  for t he  diameter, Eq. (11) becomes 
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2 [*Iz = aR = 0.84 = Bo c r i t i c a l  

The Bond number (based on a radius)  of 0.84 agrees with t h e  value obtained 

ana ly t ica l ly  by Bretherton [191 and that obtained experimentally by 

Hat tor i  [ 2 0 ]  for t h i s  configuration and accelerat ion direct ion.  A varia- 

t i o n  i n  Bond number depending on the spec i f ic  surface tension was observed 

f o r  t he  s i t ua t ion  i n  which the  acceleration was directed normal t o  t h e  

axis of t h e  cylinder as shown i n  F i g .  19.  

surface tensions less than 43 cm3/sec2 and 2.53 for spec i f ic  surface ten- 

s ions greater  than 43 crn3/sec2. 

was at  the  edge of t h e  tube as shown i n  Pig. 20, a strong edge e f f ec t  was 

noted i n  t h a t  the Bond number was 3.37. 

The value ms 1 - 1 2  f o r  spec i f ic  

For t h e  configuration i n  which t h e  l i qu id  

I n  these experiments t he  specific surface tension was varied over a 

6:l range, thus establ ishing i t s  functional re la t ionship  i n  the  Bond num- 

ber expression. The experiments were performed, however, with only one 

accelerat ion distwbance--that of the  normal grav i ta t iona l  f i e ld .  These 

experiments have recent ly  been extended i n  droptower experiments t o  in- 

clude accelerat ion f i e l d s  equivalent t o  one-5enth and one one-hundredth 

that of normal grav i ty  f o r  t h e  configuration of Pig. 18. 

forces  on the  containe.1- and gyavitational body forces  on the  l i qu id  were 

t r e a t e d  as equivalent. ,"he r e su l t s  of these experiments are presented i n  

Fig. 23. These ht,a fit extension aC the smle slope of t h e  so l id  l i n e  

i n  Pig. 18 and es tab l i sh  t h e  functional re la t ionship  of accelerat ion i n  

t h e  Bond number expression. 

Acceleration 

The r e s u l t s  of these experiments can be used t o  predict  t h e  c r i - t ica l  

acce le ra t ion  f o r  t h e  inteyface i n  large vehicle  propellant tanks. Fig- 



- 3 2  - 

me 22 presents t he  c r i t i c a l  acceleration i n  g ’ s  as a function of tank 

diameter i n  inches f o r  a spec i f i c  surface tension of 28.28 cm3/sec2, 

which i s  representative of many propellants. 

one-tenth, and one one-hundredth g are shown. The c r i t i c a l  acceleration 

for  vehicles of 100 t o  400 inches i n  diameter is indicated as t o  

The data obtained a t  one, 

10-7 gfs .  

There is  very l i t t l e  i n  t h e  l i t e r a t u r e  report ing s tudies  of t he  be- 

havior of t h e  in te r face  i n  an acceleration f i e l d  s d ‘ f i c i e n t  t o  break t h e  

interface.  

i s  a study of t h e  motion of long bubbles i n  tubes,  can be applied. No  

experimental ver i f ica t ion  i s  apparent i n  t h e  l i t e r a tu re  as ye t .  It i s  

known [22], however, that some expeyiments a t  normal gravi ty  are being 

performed. Masica is a l s o  studying the phenomena a t  one one-hundredth g 

i n  the  drop tower. The phenomena w i l l  be encountered i n  s i t ua t ions  i n  

which the  drag exceeds the  c r i t i c a l  value of t h e  interface,  or during 

co l lec t ion  of l iqu id  from possible adverse posit ions i n  t h e  tank prepara- 

t o r y  t o  engine restart, or during excessive a t t i t u d e  cont.ro1 disturbances 

or docking j o l t s .  No work i s  apparent on t h e  behavior as it gathers i n  

t h e  vapor end of t h e  tank. 

However, t h e  work of Taylor [21] and Bretherton [19], which 

3.4 Heat Transf e’L” 

There has been a great deal  of i n t e r e s t  i n  t h e  change i n  the  heat- 

t r a n s f e r  mechanism i n  a welgiitless em-iromezt . 
input t o  a tank under space conditions corresponds t o  t ha t  of a c l a s s i c a l  

pool-boiling s i tua t ion ,  t h e  various regions of which are shown i n  Fig. 2 3  

f o r  a 1-g f i e l d .  

temperature difference.  

The rneckmisn. of hegt 

The coordinates are heat f l u  plot ted as a function of 
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The heat-transfer regions start with conduction at very low f lux ,  and, 

as flux i s  increased, progress through convection and nucleation, and fi- 

nal ly ,  a t  very high f lux ,  progress t o  t he  mechanism of film boiling. The 

regions of convection and nucleation may be subs tan t ia l ly  affected by t h e  

loss of gravity.  Convection currents should ce r t a in ly  be absent i n  a zero- 

grav i ty  environment , although residual  currents may pel-sist f o r  some t i m e .  

The nucleation regime may be markedly affected by changes i n  the  gravi ty  

f i e l d  aecauae of t h e  uependence of bubble veroci ty  on buoyancy. 

ve loc i ty  becomes zero because of l o s s  of buoyancy, the nucleation region 

may be repheed  by a f i h  mechmisn of boil ing. This s i t ua t ion  would be 

predicted by t h e  Rohsenow e231 nucleazion concept, which i s  gravi ty  depen- 

dent. A nucleation model has beer, proposed by Forster  and Zubzr [24]  t h a t  

may be independent of gravi ty  i n  that  bubbles are removed from the  surface 

by a flow f i e l d  S E ~  up around %he bubble because of i t s  rate of expansion. 

If t h i s  model is  coY?ect, t h e  nuclea?.iori region should be Pelat ively un- 

a f fec ted  by a zero-gravity enviroment and would pro5ably extend down t o  

cover t h e  convection region. 3iegel f25: pe-fo,-med t h e  f i rs t  low-gravity 

experiments studying zhe pool boil ing mechani b m  under several gravi ty  

f i e l d s  from essen t i a l ly  zero t o  ose. 

studying phoLographicaLly the  change ir! ebu l l i t i on  and vapor removal. 

During a discussion of h i s  paFer 6%: pr2sented t o  t h e  A W ,  he s t a t ed  

t h a t  i n  tne nuciea.tion regimr hz mied 120 chtifige i n  “,lie texi)eratwe d i f -  

ference obtained a$ a given heat flux, Phich tends t o  support t h e  nuclea- 

t i o n  concept t ha t  i s  independent of gravity.  

T f  t h e  

H e  was pr i r imi ly  in te res ted  i n  

A s e r i e s  of ekpeyinents using l iqu id  hydrogen has been performed by 

General Dynamics/Astronautics [27;  i n  which the heat t ransfer  i n  the  
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nucleate range as a function of temperature difference was measured at  1-g 

and 0-g conditions. Results of t h i s  study are shown i n  Fig. 24. These 

r e s u l t s  indicate  t h a t  zero gravity has l i t t l e  e f f ec t  on heat t r ans fe r  i n  

the  nucleate region, which supports the nucleation model that i s  indepen- 

dent of gravity.  

nitrogen have a l s o  tended t o  support t h e  nucleation concept t h a t  i s  inde- 

pendent of gravity.  

The experiments by Merte and Clark [28] using l i qu id  

The primary e f f ec t  of t h e  heat-transfer mechanism t h a t  is  of i n t e re s t  

i n  space vehicle propellant tank systems is  t h e  pressure rise within t h e  

container. This pressure rise i s  d i f f i c u l t  t o  ca lcu la te  because of t he  

uncertainty i n  the  l i qu id  configuration, t h e  va r i a t ion  i n  the  direct ion 

of t h e  radiant  heat source, and the uncertainty about t he  heat-transfer 

mechanisms t h a t  may apply t o  t h e  l i q u i d  and vapor portions of t h e  tank 

even though the  mechanism i n  t h e  l iquid seems reasonably w e l l  established. 

I n  comparing pressure r i se  data a t  1-g and 0-g, it has been found conven- 

i en t  t o  compare t h e  ac tua l  pressure rise with t h a t  which can be calculated 

by making several d i f f e ren t  assumptions about t h e  heat d i s t r ibu t ion  within 

the  tank. The pos i t ion  t h a t  experimental data assumes i n  r e l a t i o n  t o  t h e  

t h e o r e t i c a l  models on a pressure against heat added p lo t  is  then an indi-  

ca t ion  of how t h e  energy is being dis t r ibuted within the tank. Figure 25 

is a p lo t  of pressure against  heat added for three theoret icalmodels .  

The first model assumes homogeneous conditions thoughout the t a r i  and La 

a comon calculat ion t h a t  i s  performed t o  compare data of t h i s  t.y-pe. The 

second model assumes t h a t  a l l  of the energy absorbed by t h e  dewar goes 

i n t o  t he  evaporation of l i qu id  with the vapor phase temperature always 

being equal t o  t h e  saturat ion temperature corresponding t o  sphere pressure 
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and t h e  l i qu id  phase temperature remaining constant at  t h e  sa tura t ion  t e m -  

perature corresponding t o  seal-off pressure. 

t i c a l  upper l i m i t  on t h e  pressure against  heat added p lo t  much as t h e  

homogeneous model i s  t h e  lower l i m i t .  "he t h i r d  model assumes t h a t  a l l  

t h e  energy i s  delivered t o  the  vapor phase with no energy t r ans fe r  at  t h e  

liquid-vapor in te r face  so t h a t  t h e  vapor becones superheated. 

The t h i r d  model is a prac- 

There a r e  two important fac tors  that would be expected t o  cause a 

d i f f e ren t  r a t e  of pressure rise i n  a storage tank when normal grav i ty  

quiescent and zero-gravity tests a re  compared. The first f ac to r  is the  

change i n  configuration, or posi t ion of the l i qu id  and vapor within the  

storage tank. A s  shown i n  Fig. 6,  for a ha l f - f i l l ed  spherical  tank t h e  

normal-gravity configuration has the in te r face  b isec t ing  t h e  tank, while 

t h e  zero-gravity configuration has a spherical  in te r face  with t h e  tank 

walls t o t a l l y  wetted and t h e  vapor bubble Tandomly located i n  t h e  i n t e r i o r  

of t h e  tank. The second f ac to r  a f fec t ing  t h e  r a t e  of pressure r ise i n  a 

s torage tank is t h e  reduction i n  buoyancy and convection due t o  t h e  reduc- 

t i o n  i n  t h e  grav i ty  f i e l d .  

For a normal-gravity test only pa r t  of t h e  storage tank is  covered 

with l i qu id  so t h a t  a la rge  amount of t h e  heat t h a t  i s  added goes d i r e c t l y  

i n t o  t h e  vapor phase. This heating of t h e  vapou. causes it t o  become su- 

perheated. Some of t h e  hot vapor w i l l  come i n  contact with t h e  l iquid-  

vapor in te r face  causing evaporat iori fi-olli the awfacz.  The energyr t h a t  

en ters  t h e  storage tank through t h e  l i qu id  wetted walls goes in to  forming 

bubbles and superheating t h e  l iqu id  i n  a t h i n  layer  d i r e c t l y  adjacent t o  

t h e  w a l l .  Convection currents will c n y  t h e  hot l i qu id  t o  t h e  surface 

where evaporation takes  place, and buoyancy w i l l  cause t h e  bubbles t o  
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rise rap id ly  t o  the  liquid-vapor interface and jo in  the vapor space. Be- 

cause t h e  bubbles r ise rap id ly  through t h e  l iqu id  there  is  l i t t l e  conden- 

sa t ion  and consequently l i t t l e  heating of t h e  l iquid.  The surface evapo- 

r a t i o n  model i s  based on t h e  assumption t h a t  a l l  of t h e  added heat goes 

in to  evaporating l i qu id  with no heating of t h e  remaining l iqu id .  

quently, depending on t h e  heat-transfer rate and d i s t r ibu t ion ,  it would 

be expected t h a t  experimental normal-gravity quiescent pressure r ise data 

would be clustered around t h e  surface evaporation model t heo re t i ca l  l i ne .  

It would a l so  be expected t h a t  high heat-transfey rates o r  heating only 

from the top  of t h e  tank would cause faster pressure r i s e s  than t h e  model 

predicts ,  and that low heat- t ransfer  rates or heating only from t h e  bottom 

of the  tank would cause lower pressme r i s e s  than t h e  model predicts .  

Conse- 

I n i t i a l l y  during a zero-gravity test t h e  walls of a spherical  storage 

tank would be l iqu id  wetted, Consequently, i n  contrast  t o  t he  normal- 

grav i ty  quiescent t e s t ,  t he re  w i l l  be no d i r ec t  heating of t h e  vapor 

phase, and t h e  bubbles t h a t  form on the wall of t h e  tank w i l l  be faced 

with some depth of l i qu id  t o  penetrate i n  order t o  reach t h e  vapor space. 

The bubbles w i l l  pinch off t h e  wall due t o  dynamic forces  that, f o r  most 

cryogenic l iqu ids ,  a r e  much greater  than buoyant forces  even under normal- 

grav i ty  conditions. Because of t h e  absence of grav i ta t iona l  forces ,  it 

i s  expected t h a t  t h e  bubbles w i l l  tend t o  drift r a the r  slowly i n  the sub- 

cooiefi l i qu id  and condense, thus giving t h e i r  energy t o  the  l iqu id .  A 

near ly  homogeneous condition should be the  r e su l t .  

There are many zero-gravity configurations t h a t  w i l l  not have t o t a l l y  

wetted tank walls due t o  tank geometry, in te rna l  baffles, and t h e  use of 

u l lage  control  rockets.  Also, i n  spheres and other normally t o t a l l y  
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wetted configurations, the possibility exists that  the vapor bubble may 

d r i f t  t o  one side of the tank. 

the rate at which the surface can be rawetteb, a clry rpot w1.U. appear and 

grow un t i l  the evaporation balances the inflow of liquid. Under these 

conditions there w i l l  again be direct heating of the vapor and higher 

rates of pressure rise must be expected. 

If the evaporation rate is higher than 

The majority of the experimental work, being performed at L e w i s  

Research Center in  support of the prediction of the thermodynamic history 

of storage tanks containing liquid propellants, is being carried out 

using 9-inch-diameter dewars containing l iquid hydrogen. 

the rate of pressure rise of several experimental variablee, including 

The affect on 

1 

the use of internal baffles, the heat flux rate and distribution, and 

the initial percent f i l l i ng ,  is being explored. Rocket vehicles are -1 

being used t o  obtain sever& minutes of low-gravity environment. 

3 . 5 Evaporation and Condensat ion 

The free liquid-vapor interfaces in  evaporators and condensers have 

not contributed t o  operational and performance problems as they have i n  

the tanks of other systems. This is due t o  the small  diameter of tubes 

used in evaporators and condensers (usually less than 1/2 in.), which 

according t o  the Bond nuniber criterion makes them s teb le , to  accelerations 

of 0.03 g or  more for  the smaller tubes (0.1 g for 511.6-in. tube). Accel- 

eration perturbations of t h i s  magnitude will not ordinarily be in the 

gperating spectnrm. of the vehicle except when under boost thrust, which 

will permit normal operation of the  system. 
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Because forced convection w i l l  ex is t  i n  evaporators and condensers 

designed f o r  minimum weight, it is  unlikely that there  w i l l  be any appre- 

c iable  change i n  the  heat-transfer mechanism. The p o s s i b i l i t y  of genera- 

t i o n  of bubbles within the  l iqu id  i n  t h e  evaporator or t h e  inclusion of 

vapor i n  t h e  l i qu id  i n  t h e  condenser was o r ig ina l ly  of some concern; how- 

ever, t h e  reasonably large s t a b i l i t y  of t h e  in te r face  and t h e  use of 

counterflow heat exchangers t o  provide subcooling below t h e  in te r face  and 

a temperature gradient t o  move bubbles towapd the  in te r face  has v i r t u a l l y  

eliminated these problems. Also Evans i7:/ has shown that e i t h e r  a s p i r a l  

w i r e  or a twisted tape  i n  a tube w i l l  centr i fuge l iqu id  t o  t h e  outside 

and increase t h e  separation s t a b i l i t y  margin. These configurations are 

permissible i n  evaporator tubes where the pressure dzyop they  impose has 

only a small e f f ec t  on cycle efficiency. 

Although it appears t h a t  t h e  interface i n  an individual tube will 

have, or can be provided with, a reasonable d e p e e  of s t a b i l i t y ,  there  

is  s t i l l  t h e  problem of s t a b i l i t y  of t h e  in te r face  l e v e l  between individ- 

u a l  tubes i n  t h e  face of acceleration perturbations from di rec t ions  other 

than on t h e  tube ax i s  and directed from t h e  l iqu id  t o  She vapor. 

forces  ava i lab le  t o  counteract khis change i n  l e v e l  a r e  t h e  changes i n  

pressure drop within t h e  tube with change i n  l e v e l  (condensing length) 

and t h e  change i n  surface-tension force if t h e  tubes me tapered and if  

the l i q u i d  wets t h e  w a i l .  Rowever, the magnitude of the s i l r face-kns ion  

forces  are very small f o r  p rac t i ca l  tube s i zes  and tapers ,  which leaves 

t h e  pressure drop as the  main s tab i l iz ing  p w m e t e r ,  In  t h e  evaporator 

where t h e  working p res swe  is  high, it i s  p rac t i ca l  t o  design with a 

reasonable pressure drop thus providing a sa t i s f ac to ry  a b i l i t y  t o  r e s i s t  

The 

s 
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adverse accelerat ions.  

t o  t he  tube bundle ax i s  should be kept as s m a l l  as possible t o  minimize 

t h e  head t h a t  must be r e s i s t ed  by change i n  pressure drop for accelera- 

t i ons  normal t o  t h e  tube axis. The s i tua t ion  i s  s i m i l a r  t o  that described 

f o r  screens i n  propellant tanks. 

Even so, t h e  dimensions of t h e  evaporator normal 

The posi t ion of t he  condenser i n  t h e  cycle does not allow as much 

generosity with design pressure drop as i n  the evaporator without serious 

e f f ec t  on t h e  eff ic iency.  Thus, a subs tan t ia l  portion of t h e  zero-gravity 

research concerned with condensers has been concentrated on t h e  presswe- 

drop charac te r i s t ics .  The correlation t h a t  has been used f o r  two-phase 

pressure drop at  normal gravi ty  i s  the Lockhart-Martinelli correlat ion 

[29] ,  which involves t h e  Reynolds number and thus t h e  viscosi ty .  

Reynolds [l] has proposed t h a t  t h e  e f fec ts  of surface-tension be in t ro-  

duced in to  two-phase pressure-drop correlat ions f o r  use a t  zero gravity.  

I n  h i s  analysis ,  surface tension e f fec ts  are introduced by assuming t h a t  

t h e  f r i c t i o n  drag i s  proportional t o  t h e  s i z e  of condensed droplets  ad- 

hering t o  t h e  wall, which increases t h e  tube roughness. The assumption 

of wall bound droplets  is  i n  keeping with t h e  tendency fo r  t h e  surface 

energy t o  minimize. 

Most of t h e  ac tua l  zero-gravity data obtained t o  date has been con- 

cerned with observation of droplet  and in te r face  behavior and only quali-  

t a t i v e  measurement of the pressure iiro2. No e f f o r t  i s  apparent i n  the  

literature as yet  t o  systematically study the  pressure drop i n  zero 

gravi ty  as a function of the  various parameters and t o  attempt a correla- 

t i o n  with theory. The Lewis Research Center i s  conducting an experimental 
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study (using an airplane as a zero-gravity f a c i l i t y )  of t h e  pressure drop 

i n  condensers with mercury as the  working f l u i d  i n  which several  param- 

e t e r s  a r e  varied. This study i s  incomplete, but preliminary r e s u l t s  indi-  

ca te  t h a t  t h e  pressure drop i n  zero gravity i s  s l i g h t l y  but consis tent ly  

higher than the  pressure drop under normal gravity.  The pressure drop i n  

these experiments is  somewhat higher than predicted by the  Lockhart- 

Mart inel l i  cor re la t ion  at low ve loc i t ies  but corresponds w e l l  at  high ve- 

l o c i t i e s .  
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4, CONCLUDING REMARKS 

This paper has reviewed the  analyt ical  and experimental research 

directed toward the  solut ion of the problems encountered with l iquid-  

vapor systems i n  weightlessness and has presented the r e su l t s  of some re-  

cent experimental work studying the  correlation of cer ta in  aspects of the  

dynamic behavior of t he  interface with the  applicable dimensionless seal- 

ing parameters, The various problems encountered i n  the  liquid-vapor sys- 

tems were grouped in to  the  categories of in te r face  conffguration, in te r -  

face dynamics, pool bo i l ing  heat-transfer mechanisms, and evaporation and 

condensation phenomena- 

The greatest  portion of weightlessness research up t o  t h i s  time has 

been devoted t o  s tudies  of t h e  parameters defining the  configuration and 

posi t ion of the  liquid-vapor interface under the  conditions o f  no external 

disturbances, 

ver i f ied  by experiments, 

The theore t ica l  background i s  now extensive and has been 

A t  the  present time most of the work i n  t h i s  

category i s  more of a development nature devoted t o  the  application of the  

pr inciples  t o  systems t o  provide and maintain proper separation and 

Orientation of l iqu id  and vapor. 

With the  b e t t e r  understanding of t he  configuration and posi t ion of the  

interface,  more a t ten t ion  has recent lybeen given t o  the  dynamic behavior 

of t he  interface,  

dealing with f lu id  dynamics is  applicable t o  zero-gravity interface be- 

It has been found t h a t  a great deal  of theore t ica l  work 

havior, 

been performed, but a great  deal (both ana ly t ica l  and experimental) remains 

A s izeable  amount of experimental work verifying the theory has 
* 

t o  be done--especially t h a t  applicable t o  interface dynamics i n  response to 
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acceleration perturbations ( a t t i t u d e  controls, docking j o l t s ,  etc,  ) and 

outflow disturbances. 

A great deal of i n t e r e s t  has been shown i n  the  change in  the heat- 

t r ans fe r  mechanism with reduction i n  gravity or  acceleration level ,  

resu l t ing  s tudies  have approached the  problem i n  several  ways by studying 

the fundamental bubble mechanics, by measuring the  heat f lux  as a f’unc- 

t i on  of d i f f e r e n t i a l  temperature input, and by measuring the pressure 

r i s e  i n  a closed system, Attempts have been made t o  correlate  t h e  re- 

sults with ex is t ing  heat-transfer theory. 

has been gained, a great  deal of work remains i n  the  area of understanding 

fundamental bubble mechanics. 

The 

Although some understanding 

Solutions f o r  some of the evaporator and condenser liquid-vapor in te r -  

face problems have become evident f rom the  interface configuration and 

dynamics studies,  The most work a t  the present time i s  concentrated on 

s tudies  of the  pressure drop i n  condensers because it i s  important t o  t h e  

efficiency of the  system and t o  t h e  tube-to-tube s t ab i l i t y ,  

experimental r e s u l t s  are available a t  the  present time, 

Very l i t t l e  
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APPmDIX 

SYMBOLS 

A 

c 

A a  

A.t 
a 

Bo 

C,K 

D 

F 

*a 

i 
F 

Fr 

L 

‘a 

l-t 

M 

P 

RC 

Rt 
T 

area 

annulus area 

cap i l l a ry  tube area 

accelerat ion 

Bond number 

constants 

df ame-t e r  

force 

accelerat ion force 

cap i l l a ry  force 

i n e r t i a  force 

Froude number 

cha rac t e r i s t i c  length 

i n i t i a l  height of l i qu id  i n  amulus 

length of connecting passage between cap i l l a ry  tube and, annulus 

i n i t i a l  height of l iqufd  i n  capi l la ry  tube 

m S S  

pressure 

heat  f l u x  

radius 

radius of cap i l l a ry  tube 

radfus of tank 

t l m e  
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veloci ty  

Weber number 

l iqu id  r i s e  i n  capi l la ry  tube 

contact angle 

v iscos i ty  

l iqu id  density 

surface energy of l iquid-sol id  interface 

surface energy of vapor-liquid interface 

surface energy of vapor-solid interface 
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(a) 1-g configuration. (b) Zero-g configuration. 

Figure 8. - Capillary-type ultage control  surface. 
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(c) In i t i a l  mounting angle, 75O. 
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ZERO-G CONFIGURATION 

(d) In i t i a l  mounting angle, 90’. 
Figure 9. - Photographs from pre l iminary drop-tower tests for range on  in i t ia l  mounting angles. 



(a) 1- g configuration. 

Figure 10. - Application of tapered section principle to spherical tank. 

(b) zero-g configuration. 
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Figure 18. - Stability c3aracteristics in a vertical cylinder. 
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Figure 20. - Stability characteristics at ground edge of a vertical cylinder. 
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Figure 21. - Stability characteristics i n  vert ical  cyl inder for several acceleration fields. 
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Figure 22. - Interfacial stability as function 
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of acceleration. 
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Figure 24. - Comparison of 1-g and zero-g 
I iquid-hydrogen +eat-transfer character- 
istics for nucleate boiling range. 
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Figure 25. -Th ree  theoretical models - total sphere pressure as funct ion of heat addition. 
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